ABSTRACT: Venoarterial extracorporeal membrane oxygenation (VA-ECMO)-also referred to as extracorporeal life support-is a form of temporary mechanical circulatory support and simultaneous extracorporeal gas exchange. The initiation of VA-ECMO has emerged as a salvage intervention in patients with cardiogenic shock, even cardiac arrest refractory to standard therapies. Analogous to veno-venous ECMO for acute respiratory failure, VA-ECMO provides circulatory support and allows time for other treatments to promote recovery or may be a bridge to a more durable mechanical solution in the setting of acute or acute on chronic cardiopulmonary failure. In this review, we provide a brief overview of VA-ECMO, the attendant physiological considerations of peripheral VA-ECMO, and its complications, namely that of left ventricular distention, bleeding, heightened systemic inflammatory response syndrome, thrombosis and thromboembolism, and extremity ischemia or necrosis.
WHAT IS VA-ECMO?
Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is a form of temporary mechanical circulatory support and simultaneous extracorporeal gas exchange for acute cardiorespiratory failure.
1,2 All VA-ECMO circuits consist of a venous (inflow, drainage) cannula, a pump, an oxygenator, and an arterial (outflow, return) cannula. VA-ECMO can be established via peripheral or central access ( Figure 1 ). Central VA-ECMO is primarily implemented in the operating room and provides short-term support, often in postcardiotomy patients unable to wean from cardiopulmonary bypass. 3, 4 Peripheral VA-ECMO can be initiated percutaneously or by surgical cut-down outside of the operating room for patients with refractory cardiogenic shock and cardiac arrest via femoral artery and femoral or internal jugular vein access. Another configuration uses the standard venous access (either via the femoral or internal jugular vein) with arterial return to a graft placed on the subclavian artery. 5 This latter strategy has been introduced to ensure perfusion of the cerebral circulation with oxygenated blood and to allow for the possibility for patients to ambulate while on ECMO. The focus of this review will be on the hemodynamics of cardiogenic shock and the impact of percutaneously placed VA-ECMO because this is the primary approach implemented by cardiologists and cardiac surgeons in emergency settings. The hemodynamic principles are similar among approaches; significant differences will be noted when appropriate.
Since its introduction in 1972, 6 national trends demonstrate a substantial increase in peripheral VA-ECMO use for refractory cardiogenic shock. 7, 8 Since 1990, according to the Extracorporeal Life Support Organization registry, >15 000 adult patients have been supported with VA-ECMO with an ≈40% survival rate to hospital discharge. 9 Several single center studies support the use of VA-ECMO for refractory cardiogenic shock in carefully selected patients. [10] [11] [12] [13] [14] Many centers have also assessed the role of peripheral VA-ECMO in refractory cardiac arrest (extracorporeal cardiopulmonary resuscitation). In no case, however, have randomized controlled studies been undertaken, largely because of the logistical, legal, and ethical issues involved in performing randomized studies in patients with cardiac arrest or severe cardiogenic shock. Suggestions of improved survival and neurological outcomes have been observed in select patient subgroups treated with extracorporeal cardiopulmonary resuscitation for refractory cardiac arrest. Such apparent benefit has been noted in the setting of in-hospital cardiac arrests, as well as where immediate and sufficient bystander cardiopulmonary resuscitation is performed, with minimal delay in initiating VA-ECMO. [15] [16] [17] [18] However, the overall survival rate using peripheral VA-ECMO in cardiac arrest and refractory cardiogenic shock remains generally reported between 29% (extracorporeal cardiopulmonary resuscitation) and 41% (refractory cardiogenic shock). [19] [20] [21] Lack of clear evidence has resulted in the low-level recommendation for the use of VA-ECMO in current guidelines and then only for use in the setting of cardiac arrest. 22 As physicians care for an ever-increasing number of patients with profound refractory cardiogenic shock and cardiac arrest, we should better understand which patients could benefit from VA-ECMO, become increasingly familiar with its implementation, and understand how to optimize patient care while on ECMO. Overall, we should strive for better outcomes with this therapy. As such, cardiologists, cardiac surgeons, and critical care providers should familiarize themselves with the fundamental hemometabolic effects and limitations of VA-ECMO to better select the appropriate patient population and optimize device function during support and weaning. In particular, we will review 5 cardinal considerations ( Figure 2 ) when assessing a patient for support and implanting VA-ECMO among an adult population with circulatory failure.
WHAT ARE THE BASIC HEMODYNAMIC FACTORS THAT UNDERLIE THE DEVELOPMENT OF CARDIOGENIC SHOCK?
Acute cardiogenic shock can be because of a rapid decrease in ventricular contractility in a previously normal individual as can occur with myocardial infarction or more gradually after an insult, such as acute myocarditis, where acute myocardial edema may impair ventricular filling and hence stroke volume despite an apparently mild reduction in ejection fraction. In addition, patients with chronic severe heart failure are also at risk for acute decompensation and cardiogenic shock because of either fluid overload (with consequent pulmonary edema, hypoxia, sympathetic activation, and progressive ventricular dysfunction) or progressive ventricular dysfunction independent of fluid overload, from other factors such as ongoing myonecrosis. The underlying hemodynamics of these 2 scenarios are summarized in the pressurevolume diagrams in Figure 3A and 3B, respectively. For those interested, a brief overview of the key features of ventricular pressure-volume analysis, which is critical for understanding hemodynamics and therapeutics of cardiogenic shock, is provided in the Appendix and Figure   Figure 1 . Central and peripheral venoarterial extracorporeal membrane oxygenation (VA-ECMO) cannulation strategies. A, Peripheral VA-ECMO (femoro-femoral configuration). B, Central VA-ECMO. C, Peripheral VA-ECMO (sport configuration). Note although one may be cannulated peripherally through a peripheral vessel, the net effect on regional perfusion may be more akin to central cannulation (cannulation of the great vessels through a sternotomy). A good example of this is axillary cannulation as in (C).
I in the Data Supplement and in several references. 23, 24 Typically, in common between the 2 clinical scenarios is the fact that the onset of cardiogenic shock is the result of a primary reduction of ventricular contractility (manifest as a reduced slope of the end-systolic pressure-volume relationship) compared with the respective baseline state, with secondary reflex-mediated increases in heart rate, peripheral resistance, and venoconstriction. These primary and secondary effects conspire to increase the left ventricular (LV) end-diastolic pressure and pulmonary venous pressures; central venous pressures may also increase, even in the absence of significant right ventricular dysfunction because of redistribution of volume from the peripheral to central compartment. However, E, Exit strategy (perhaps this should be thought of first). Does the patient have a viable exit strategy for continued survival and quality of life off of ECMO support (ie, recovery, transition to durable mechanical support, or transplant)? CNS indicates central nervous system; COPD, chronic obstructive airway disease; E-CPR, extracorporeal cardiopulmonary resuscitation; IABP, intra-aortic balloon pump; LA, left atrial; LVEDP, LV end-diastolic pressure; PV, pressure-volume; SFA, superficial femoral artery; and VAD, ventricular assist devices.
while blood pressures, wedge pressures, and cardiac outputs may be similar in these 2 scenarios, important differences include the initial and final ejection fractions and degree of compensatory LV dilatation. These differences are important to keep in mind, particularly when it comes to considering ventricular sizes and the need for triggering introduction of an LV unloading strategy during ECMO (discussed in detail below). Understanding of this pressure-volume representation of cardiogenic shock provides a strong foundation for understanding the impact of ECMO as will be illustrated below.
IN WHICH PATIENTS SHOULD VA-ECMO BE CONSIDERED? (CARDINAL CONSIDERATION I: PATIENT SELECTION)
As already noted, there are no clear society-endorsed evidence-based guidelines for the use of VA-ECMO or in the selection of patients most likely to benefit. In addition, it is important to note that the components of devices used to deliver VA-ECMO have received clearance from the US Food and Drug Administration for use up to 6 hours during procedures (eg, coronary bypass) and during patient transport. The Food and Drug Administration has approved such devices being used for respiratory support for >6 hours. Thus, information on which patients could derive benefit from ECMO relies on literature review and expert opinion. In this context, ECMO is most commonly considered in patients with profound cardiogenic shock and in the setting of cardiac arrest. Other common settings in which VA-ECMO is considered include biventricular failure and profound hypoxemia refractory to medical or other device-based interventions. In all these settings, the goal is to (mainly) take over the responsibility of providing oxygenated blood to the systemic circulation. However, understanding the hemodynamics of ECMO is important for appreciating the need for appropriate patient monitoring to ensure that the LV and the lungs do not become fluid overloaded and, when present, that appropriate intervention is taken (detailed below). In this regard, one important principle is that while ECMO can unload the central veins, right atrium, and right ventricle, it does not intrinsically unload the LV, particularly when LV contractile function is severely compromised. In fact, ECMO in a poorly contractile heart can significantly increase the LV end-diastolic pressure and wall tension resulting in increased myocardial oxygen consumption and increased susceptibility to ischemia-mediated necrosis.
In patients with an acute profound but potentially reversible cardiac injury, such as myocarditis and myocardial ischemia, VA-ECMO may provide a bridge-to-recovery. In patients with acute decompensated chronic cardiac failure or massive myocardial infarction, VA-ECMO may be used as a bridge-to-destination therapy, such as a durable ventricular assist device and cardiac transplantation. 25 In many cases, alternative strategies, such as percutaneous or surgically implanted temporary ventricular assist devices (as a bridge to stability leading to durable support or recovery), should be considered to reduce many of the complications of ECMO, such as systemic inflammatory response syndrome, damage to platelets, and risks of bleeding, vascular damage, limb ischemia, and stroke. 26, 27 In addition, these strategies can prevent the development of pulmonary edema, increased myocardial wall stress, and the potential for cerebral hypoxemia. However, ECMO is unique among the acute mechanical circulatory support strategies in to date as providing oxygen and carbon dioxide exchange to take over for the lungs if needed. Accordingly, ECMO can be useful for patients with underlying lung disease.
As well as deciding on the need and cannulation strategy for VA-ECMO (Figure 1 ), clinicians should also assess the likelihood of success when initiating this therapy. Risk factors associated with worse longer term outcomes after VA-ECMO include increasing age as well as comorbidities, such as ischemic heart disease, diabetes mellitus, chronic renal disease, and chronic obstructive pulmonary disease. 14, [28] [29] [30] Furthermore, the degree of acid/base disturbance and severity of liver/kidney dysfunction at the time of ECMO initiation are strong predictors of long-term survival.
14,31,32 Several risk scores have been proposed for assessing the likelihood of survival to hospital discharge, such as PRESERVE (Predicting Death for Severe ARDS on VV-ECMO), 33 SAVE (Survival After Veno-Arterial ECMO), 34 and the simple cardiac ECMO 35 scores. These risk scores have modest discrimination at best. In light of the high in-hospital mortality, costs, and ethical issues, appropriate patient selection for VA-ECMO requires careful consideration of all the aforementioned factors.
HOW DOES ONE ESTABLISH PERIPHERAL VA-ECMO? (CARDINAL CONSIDERATION II: CANNULATION STRATEGY)
Peripheral VA-ECMO is established percutaneously or by vascular cut-down with dual cannulation of a peripheral vein and artery. Percutaneous insertion is performed using a modified Seldinger technique and is associated with lower bleeding and infection risk, as well as more rapid implementation. However, peripheral vascular disease, stenosis, or thrombus often limits the percutaneous approach. 36 Ultrasonographic evaluation of the vessels may be performed to assist in determining the optimal method for cannulation and guiding initial needle insertion.
Venous cannulas are typically 19F to 25F and drain blood from the superior vena cava, right atrium, and inferior vena cava, often via the femoral vein, right internal jugular vein, or subclavian vein. 37 These inflow cannulas have end and side holes to permit continued drainage in case the end of the cannula becomes obstructed, especially during higher flow conditions that would otherwise cause suction. Once blood is drained from the venous system, it passes through the pump and gas exchange circuit and is returned to the arterial system with resultant retrograde arterial flow.
Arterial cannulas are often 15F to 24F, and although multiple sites may be used, the femoral artery is typically cannulated given its size and ease of access via a percutaneous technique, with the end of the cannula terminating in the common femoral artery, common iliac artery, or distal abdominal aorta. Of note, in 1 small single center study, 15F cannulas provide comparable clinical support to larger cannulas in that the larger cannulas allow for higher flows but are associated with increased bleeding complications and limb ischemia. The smaller (15F) cannulas provided lower flow but also lower arterial complication rates. 38 The main advantage of peripheral VA-ECMO is the ease and speed of implementing this form of cardiopulmonary support outside of the operating room. 39 As such, VA-ECMO can be implemented for hemodynamic instability at the bedside, in the catheterization laboratory or even in the field. Ideally, even urgent ECMO is inserted with some type of imaging guidance-either fluoroscopy or transesophageal echocardiography, but neither are absolutely necessary.
Some benefits of a central cannulation strategy can be realized without requiring a sternotomy by using cannulation sites other than the femoral vessels. While still using a peripheral cannulation strategy, generally in the upper extremities, VA-ECMO via these other arterial cannulation sites include the axillary, innominate, or subclavian arteries. 5, 40 Although these approaches require surgical placement of an end-to-side Dacron graft and do not eliminate the potential for LV distention, they offer increased patient mobility and decrease the risk of cerebral hypoxemia and aortic root thrombosis. Unlike conventional cardiopulmonary bypass, central VA-ECMO does not use a cardiotomy reservoir and is therefore associated with less inflammation and coagulopathy. 41 
WHAT ARE THE MAIN HEMODYNAMICS AND PHYSIOLOGICAL CONSIDERATIONS DURING VA-ECMO? (CARDINAL CONSIDERATION III: LV DISTENSION AND VENTING STRATEGY)
Using large cannulas and modern pumps, VA-ECMO flow support can be high although flows more typically run ≈3 to 4 L/min. By draining blood directly from the systemic venous system, VA-ECMO decreases right ventricular preload and peripheral venous congestion. Flow (Q) is driven by the pressure gradient established by the pump and is in large part determined by the radius (r) of the cannula (directly proportional to r 4 ) and inversely proportional to fluid viscosity (η) and cannula length (l) according to Poiseuille's law: Q=πPr4/8ηl.
Although such diversion of blood from the heart might be thought to also reduce LV preload and decrease pulmonary congestion, this is not often the case. This relates partially because of the fact that the increased arterial flow provided by ECMO increases blood pressure. 42, 43 Hence, despite higher flows, ECMO does not eliminate return of blood to the LV. There is residual flow through the pulmonary circuit (because some blood is not diverted into the drainage cannula but flows through right atrium and right ventricle), Thebesian drainage of coronary blood flow, aortic regurgitation (if present), and return of bronchial blood flow to the left atrium (LA). 44 Blood returning to the LV must exit through the aortic valve. In order for this to occur, the LV must be able to generate enough pressure to overcome the ECMO-induced increase in arterial pressure. Accordingly, an equilibrium condition must be established through adjustment of LV filling pressure (and use of the Frank-Starling mechanism) such that at the arterial pressure established during ECMO, LV outflow equals the flow returning into the LV from all sources. 23, 45 In turn, pulmonary capillary wedge pressure (PCWP) is determined by LV end-diastolic filling pressure. Assuming the pulmonary artery diastolic pressure is close to the LA pressure (as a surrogate of PCWP), this is an important parameter for monitoring LV filling pressure when wedging of the pulmonary catheter is not performed.
The impact of ECMO flow on right-and left-sided parameters is depicted in Figure 4 in a setting of fixed and significantly decreased LV contractile strength. Starting from baseline conditions, with each increment of ECMO flow (from 1 to 4.75 L/min), right atrial pressure decreases and aortic pressure increases; concomitantly, however, LV volumes increase (LV distention), LV stroke volume decreases while LV end-diastolic pressure, left ventricular end-systolic pressure, LA and pulmonary artery pressures increase 46 ; thus, ECMO can induce or worsen pre-existent pulmonary edema. Also, as flow is increased, and arterial pressure increases, arterial pulse pressure decreases, indicating progressive decreases in LV stroke volume and shorter durations of aortic valve opening. On the pressure-volume diagram, these are manifest as rightward/upwards shifts of the pressurevolume loop along the end-diastolic pressure-volume relationship and narrowing of the loop (ie, smaller stroke volumes). At the highest ECMO flow rate depicted here, the aortic valve barely opens, which can cause stasis of blood within the LV chamber. As described by prior investigators, 47 stasis within the LV can lead to LV, aortic, and pulmonary thrombosis, which can result in stroke, peripheral emboli, pulmonary emboli, and, in many instances, is fatal.
Another factor is that LV distention in the setting of an increased afterload and raised LV diastolic filling pressures reduces the transcoronary perfusion gradient and can impair coronary perfusion (subendocardial perfusion in particular), thus creating or worsening myocardial ischemia. 48 Overall, insufficient LV unloading has been cited as the main cause of poor LV recovery and inability to wean off VA-ECMO in at least one series. 49 In summary, LV distention, pulmonary edema, and blood stasis within the LV and aortic root are highly interrelated events. As discussed below, there are at least 8 different strategies to overcome these consequences of ECMO. But, of prime importance in the management of ECMO patients is the detection of these consequences through appropriate monitoring.
Finally, among the physiological considerations of initiating VA-ECMO is its associated inflammatory reaction, akin to that observed in systemic inflammatory response syndrome. This inflammatory response arises immediately as a result of blood exposure to the nonendothelailized surface of the ECMO circuit leading to activation of the innate immune system. 41 Distinguishing post-ECMO initiation from patients with sepsis and bacteremia can, therefore, at times be challenging. Indeed, the use of VA-ECMO for septic shock is controversial.
HOW DOES ONE IDENTIFY PATIENTS AT RISK OF DEVELOPING LV DISTENTION AND PULMONARY EDEMA?
Recognition of LV distention and pulmonary edema during VA-ECMO support is important for patient care.
There are several clinical indexes that can be used to monitor and identify patients at risk. 50 Most simply, the presence and degree of aortic valve opening can be detected on the arterial pulse pressure tracing. As illustrated in Figure 4 , with increasing ECMO flow, mean arterial pressure increases but pulse pressure and stroke volume decrease, reflecting decreasing aortic valve opening. Second, echocardiography can be used to directly visualize the extent and duration of aortic valve opening (an M-Mode through the aortic valve is helpful to determine whether the aortic valve opens, and if so the degree and frequency of valve opening). In principle, echocardiography can also be used to assess changes in LV dimension; however, with regard to assessing LV distention, echocardiography can be particularly insensitive because the nonlinearity of the LV end-diastolic pressure-volume relationship and pericardial constraints may limit the change of LV dimension despite marked changes in LV end-diastolic pressure. In addition, because of the different premorbid condition (Figure 3) , LV chamber size measured during ECMO support can be misleading as an index of ventricular distention, LV enddiastolic pressure, and PCWP. Third, progressive hypoxia in blood exiting the LV (eg, as can be measured from the right radial artery or by cerebral oximetry) can signify perfusion of the superior circulation with deoxygenated blood because of worsening pulmonary edema. Fourth, worsening pulmonary edema on a chest x-ray can signify worsening PCWP. However, this can be a late finding and is nonspecific because radiographic findings can also be because of other pathologies, such as acute respiratory distress syndrome or infection. Each of these 4 measures are straight forward for detecting aortic valve opening and LV loading but provide only indirect indexes of monitoring for increases of PCWP. The best index of LV filling pressures is to have a pulmonary artery catheter (PAC) in situ and measure either the pulmonary artery diastolic pressure or PCWP.
Accordingly, the most direct and time-sensitive means of detecting LV loading and worsening of pulmonary congestion is with the use of a PAC. Many experts advocate that all patients on VA-ECMO should be managed with a PAC, which is indeed the practice of many high-volume centers. 51 Objections to the use of a PAC for the management of patients with cardiogenic shock supported on mechanical circulatory support devices (including ECMO) are typically based on studies, such as the ESCAPE trial (Evaluation Study of Congestive Heart and Pulmonary Artery Catheter Effectiveness), 52 and similar studies. However, patients who received inotropes and in whom the investigator believed could be helped with a PAC were excluded from such studies, and, accordingly, the conclusion that PACs are not helpful in this setting is completely unfounded. 53 Moreover, American Heart Association/American College of Cardiology guidelines recommend PAC use in complex cardiogenic shock.
WHAT ARE THE STRATEGIES FOR LV UNLOADING? (CARDINAL CONSIDERATION III [CONTINUED]: LV DISTENSION AND VENTING STRATEGY)
Once there is evidence of LV distension and worsening pulmonary edema ( Figure 4A ), some form of LV unloading or venting strategy should be introduced. It is noteworthy that at many centers, an LV unloading strategy is used early in the course of ECMO treatment not only to avoid elevations of PCWP but also to proactively unload the LV, often deploying an unloading device and ECMO sequentially during the same procedure. There are at least 8 different strategies for LV unloading, each with its own advantages and limitations. There are no studies comparing their relative effectiveness (on either hemodynamics or clinical outcomes), so clinical practice is typically guided by local expertise and experience. Developing a greater understanding of the hemodynamic principles by which each of these strategies work ( Figure 5 ) may aid in decision making. A comparison of advantages and limitations of these approaches is provided in the Table. As we explore these options, it is important to note that the response to any strategy can vary significantly among patients because of the large number of hemodynamic factors that uniquely characterize a given patient physiological state (as detailed previously 23 ). Thus, the explanations provided below are based on theoretical considerations and do not provide findings that would apply to all patients, which reinforces the need for PAC monitoring to ensure desired effects are being achieved.
Reducing ECMO Flow
As illustrated in Figure 4 , the higher the ECMO flow, the greater the degree of LV loading. Accordingly, reduction of ECMO flow rate can reduce LV loading and increase the degree of aortic valve opening. However, when ECMO flow is decreased, so too is the degree of cardiopulmonary support, which may not be possible depending on the patient's needs for arterial pressure and cardiac output. Yet, it is that same pressure that may load the LV (in a retrograde fashion) and be deleterious to the myocardium. 54, 55 Although this approach will limit the degree of loading, it may not unload the ventricle or decongest the lungs compared with the patient's baseline state. 
Inotropes
Inotropic support, in principle, serves to address a fundamental issue with ECMO; namely, that an LV with significant contractile dysfunction cannot overcome the increased afterload pressure created during ECMO support. Accordingly, inotropic support primarily helps enhance aortic valve opening ( Figure 5B ) but may provide limited LV unloading. Also, inotropes significantly increase myocardial oxygen consumption because of increased calcium cycling resulting in increased myocardial contractility, the increased total LV work, and the increased heart rate associated with their use. This may have detrimental consequences, particularly in the setting of myocardial ischemia and infarction.
Vasodilators
Reducing systemic vascular resistance with the use of vasodilators (such as nitroprusside) decreases arterial pressure and therefore allows for increased aortic valve opening and LV ejection but may provide a limited degree of LV unloading ( Figure 5C ). Furthermore, the use of this approach may be limited if the systemic blood pressure on support is insufficient, such as may occur during the vasoplegic phase of cardiogenic shock or the resultant systemic inflammatory response syndrome phenomena from initially being on the ECMO circuit.
Intra-Aortic Balloon Pump
As with vasodilators, intra-aortic balloon pumps (IABP) reduces blood pressure during systole and can enhance aortic valve opening and increase LV ejection (Figure 5D ) with the advantage that, on balance, average arterial blood pressure can be increased because of balloon inflation during diastole. Increased arterial diastolic pressure can also enhance coronary flow. IABP in VA-ECMO patients has been shown to decrease PCWP by an average of ≈4 mm Hg but with variable responses among patients. 56 In one retrospective analysis, ECMO patients treated with IABP had less pulmonary congestion on chest x-ray, but the study included too small a number of patients to assess impact on outcomes. 57 However, in a relatively large meta-analysis, no survival benefit was identified with the use of IABP as an unloading strategy during ECMO. 58 
Atrial Septostomy
Atrial septostomy, which permits left-to-right shunting, was among the first invasive strategies used to decompress the LV during ECMO. 59 This strategy remains commonly used among pediatric patients supported with ECMO. However, such decompression can be accompanied by decreased aortic valve opening and blood flow out of the ventricle because of the reduced LV preload ( Figure 5E ). Accordingly, patients should be monitored for decreased aortic valve opening and stasis within the LV because of the risk of thrombus formation. There is limited published information on the actual hemodynamic effects of this strategy.
59,60

LA Venting via Cannula Connected to ECMO Circuit
Similar in concept to atrial septostomy, LV decompression may also be achieved percutaneously via trans-sep- tal placement of a LA cannula connected the venous circuit of VA-ECMO with flow regulated by a clamp if needed ( Figure 5F ). 46, 48, 61, 62 In contrast to an atrial septostomy, however, the blood is actively pumped from the LA back to the arterial system which, if total flow through the ECMO circuit is maintained constant, can better maintain arterial pressure. Accordingly, the amount of LV decompression and degree of enhancement of aortic valve opening may not be as great as with a septostomy. Thus, as with ECMO alone, appropriate monitoring should be used to ensure that the aortic valve is opening and that the PCWP is decreased sufficiently. Also, as with an atrial septal defect and standard use of a left atrial-to-femoral artery bypass, use of this approach carries the risks associated with performing a trans-septal puncture and may result in persistent interatrial shunting after decannulation.
Surgical LV Venting via Cannula Connected to ECMO Circuit
Direct LV decompression can be achieved using a cannula placed surgically via a mini-thoracotomy through the LV apex into the LV. [63] [64] [65] The cannula is then connected to the venous port of the ECMO circuit with flow regulated by a clamp. Thus, the degree of LV unloading can be regulated and can be significant ( Figure 5G ). With significant unloading, the aortic valve may not open. Although stasis of blood within the LV is no longer a concern with this configuration, stasis may still occur in the proximal aorta, so that monitoring for aortic valve opening should still be performed. Surgical removal is required, and the LV apex can be compromised. Therefore, this approach is often considered when bridge-to-durable ventricular assist device or transplant is considered.
Percutaneous LV Venting via Pigtail Catheter Connected to ECMO Circuit (Transaortic Catheter Venting)
Several groups have reported use of transaortic catheter venting to provide LV decompression during VA-ECMO. [66] [67] [68] [69] Using a transfemoral approach, the procedure involves percutaneous insertion of a 5F to 8F pigtail catheter across the aortic valve with the tip lying directly in the LV cavity. The catheter drains blood directly from the LV and is connected to the venous limb of the ECMO circuit. This technique has the advantage of direct LV unloading without surgical manipulation and can be performed by bedside under echocardiographic guidance. However, the degree of flow through such a cannula, typically 8F in size, and the degree of LV unloading can be limited. Results of one study suggest that with this one can expect <100 cc/min drainage from the LV, far too small to result in significant unloading. 70 Furthermore, as with the surgical approach, significant LV unloading may hinder aortic valve opening, leading to stasis of blood in the proximal aorta.
Percutaneous Transaortic Ventricular Assist Device (Impella)
Most recently, use of percutaneous catheter-based microaxial transaortic ventricular assist devices (pVADs) has emerged as a frequently used option for LV venting during VA-ECMO ( Figure 6 ). Although the immediate goal is LV decompression and decreasing pulmonary venous pressure, this approach also provides additional antegrade flow support into the aortic root. Koeckert et al reported the first use of the Impella 2.5 LP (2018 Abiomed, Danvers, MA) in combination with VA-ECMO and demonstrated reductions in LV end-diastolic diameter and pulmonary edema. 71 Percutaneous transaortic microaxial left ventricular assist devices providing 3.5 or 5.0 liters per minute have since been more commonly used in combination with VA-ECMO, with reports of improved outcomes compared with VA-ECMO alone. 72, 73 As with an LV vent, the LV is directly unloaded, and stasis of blood within the LV because of aortic valve closure is not a concern. Unlike an LV vent, implantation and explantation of a pVAD are percutaneous procedures. As noted above, blood flow from a pVAD adds to that of the ECMO circuit to further improve total blood flow to the body if needed. This may allow for initiation of ECMO weaning (provided blood is adequately oxygenated), which will result in further unloading of the LV and pulmonary veins. Finally, pVADs capable of 3.5 or 5.0 liters per minute generally provide sufficient flow so that ECMO can be fully weaned to these devices should longer term support be required in the setting of persistent profound LV dysfunction once the lungs are decongested and adequate blood oxygenation achieved. Implantation of pVADs via an axillary artery approach (either by percutaneous or surgical techniques), in combination with appropriate ECMO configurations, allows for patient mobility and ambulation while on support. [74] [75] [76] [77] Data provided in these reports also provide initial evidence suggest that the combination of ECMO and Impella can improve survival over the use of ECMO alone.
ARE THERE LESS INVASIVE, EMERGING SURGICAL MEANS OF INITIATING CENTRAL VA-ECMO?
Recently, case reports have emerged of central VA-ECMO performed using an inferior vena cava-superior vena cava drainage cannula in conjunction with a centrifugal flow pump and oxygenator. 25 The pump connected transapically off-cardiopulmonary bypass via a left mini-thoracotomy approach using a dual lumen 31F cannula with the inflow portion located within the left ventricle, and the outflow port and cannula tip situated 2 to 3 cm above the aortic valve. In this circuit, blood is drained from both the inferior vena cava-superior vena cava cannula and directly from the LV (1 of 2 lumens of the 31F dual lumen cannula). Oxygenated blood is then ejected into the proximal aorta. It should be noted that this approach, although described in a few case reports, is relatively novel and untested. This strategy is physiologically similar to simultaneous VA-ECMO with pVAD as described above. Ambulatory VA-ECMO has also been reported using venous drainage from the right internal jugular vein with return of blood into the axillary, subclavian, or innominate artery, 5, 40 with an Impella pVAD placed via a subclavian arterial graft.
WHAT ARE THE HARLEQUIN SYNDROME, NORTH-SOUTH SYNDROME, AND THE WATERSHED REGION?
Because of the retrograde flow support in the setting of peripheral VA-ECMO, blood travels in the direction opposite to normal; retrograde from the femoral or iliac artery back toward the thoracic aorta. Therefore, in patients receiving peripheral VA-ECMO, there is an area of watershed, which is the region within the aorta where the 2 blood streams meet (Figure 7) . 78, 79 This watershed region can lie anywhere between the aortic root and diaphragm depending on the output of the LV relative to ECMO flow. When antegrade LV output is high relative to retrograde ECMO flow, the area of watershed lies more distal (ie, closer to the diaphragm). When LV output is low relative to ECMO flow, the area of watershed is more proximal (ie, closer to the aortic root). Recognition of the location of the watershed zone is important because oxygenation of the ECMO flow and LV output may be markedly different. Although blood derived from the ECMO circuit is typically well oxygenated, blood exiting the LV is dependent on adequate pulmonary gas exchange, which is often impaired in the setting of acute cardiogenic shock and pulmonary edema. Therefore, if the watershed region is located distal to the left subclavian artery, there may be considerable risk of profound hypoxemia to the brain, heart, and upper extremities. In extreme circumstances, this may lead to Harlequin syndrome, also known as north-south syndrome. This is when venous blood (ie, blue blood) passing through lungs with impaired oxygen diffusion capacity (eg, because of pulmonary edema, infection, intrinsic disease, etc) is poorly oxygenated and is ejected Relatively deoxygenated (blue) blood enters the left atrium and is ejected antegrade by the left ventricle (LV). This hinders oxygenated (red) extracorporeal membrane oxygenation (ECMO) blood from making it retrograde to the aortic arch resulting in cerebral hypoxemia. Arterial line monitoring in the right arm is mandatory to assess the location of the watershed region and monitor for cerebral hypoxemia. Because ECMO flow is nonpulsatile, a wide pulse pressure at the right radial artery indicates an ejecting LV or LV recovery (as shown) and a watershed region distal to the arch. If there is concern for cerebral hypoxemia, alternative cannulation strategies must be considered. ABP indicates arterial blood pressure.
by the LV into the ascending aorta to perfuse the upper body and brain. 80 Meanwhile, venous blood drained by the venous cannula passes through the ECMO circuit and perfuses the lower body with well-oxygenated blood (ie, red blood). This leads to differential cyanosis with upper body hypoxemia and lower body hyperoxia, resulting in a Harlequin-like appearance. Treating pulmonary pathology and increasing ventilator support (to improve blood oxygenation) may help in overcoming this phenomenon. When alveolar gas exchange is impaired because of cardiogenic pulmonary edema, using an LV venting strategy may be helpful. Although some clinicians advocate increasing ECMO flow to reduce flow to the lungs, this will typically worsen pulmonary edema, thus worsening blood oxygenation. It is also worth noting that in some cases, such as massive PE with a hyperdynamic LV, decreasing cardiac contractility, for example, with an esmolol drip may allow for red blood to make it to the arch.
Failing the above measures, splitting the arterial outflow with a Y connector to deliver well-oxygenated blood into the venous system and pulmonary circulation will increase the oxygen content delivered by the LV output. This configuration of ECMO is referred to as veno-arterio-venous ECMO. 81 A right upper extremity arterial line with serial monitoring of blood gases is considered standard for monitoring for potential cerebral hypoxemia and helps guide the need for venoarterio-venous-ECMO.
Assessment of the pulse pressure at the right radial artery is helpful in locating the watershed region. ECMO flow is nonpulsatile, and as such, a narrow pulse pressure at the right radial artery indicates a watershed in the aortic root. By contrast, a wide pulse pressure at the right radial artery suggests a watershed region distal to the innominate artery.
PATIENT MANAGEMENT ISSUES How Does One Ensure Perfusion of the Cannulated Leg? Cardinal Consideration IV: Distal Limb Ischemia and Distal Limb Perfusion Strategies
Lower extremity ischemia occurs in 12% to 22% of patients with peripheral VA-ECMO for refractory cardiogenic shock, and many require fasciotomy for compartment syndrome or amputation. 26 Typically, a 6F to 8F vascular introducer is placed distal to the arterial cannula in the common femoral artery or superficial femoral artery to provide antegrade femoral blood flow to the cannulated leg and prevent ischemic insult. Its proximal connection is to a port near the insertion site on the arterial cannula. 82, 83 Alternatively, a distal perfusion cannula can be inserted into the posterior tibial artery 84 or dorsalis pedis artery 85 and provide retrograde perfusion. Early percutaneous placement of a distal perfusion cannula is associated with a lower risk of ischemic limb injury 84 although most centers standardize timing of placement of a distal perfusion cannula at the time of ECMO initiation.
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What Is the Optimal Anticoagulation Strategy for Peripheral VA-ECMO?
VA-ECMO and its attendant prothrombotic inflammatory environment increase the risk of thrombosis, which may cause pump malfunction, oxygenator failure, and thromboembolic events. 87 However, major bleeding is reported to occur in roughly one quarter of all VA-ECMO patients 88 and can happen in patients without anticoagulation therapy. 89 Data on the optimal strategy for anticoagulation are limited, and guidelines, largely based on expert opinion, currently recommend using unfractionated heparin targeting an activated clotting time of 180 to 220 seconds. 90 Increasingly, centers have found little correlation between activated clotting time and partial thromboplastin time and bleeding events. The standard of care is moving toward use of the anti-Xa assay (goal, 0.3-0.7). Little evidence exists to support the use of antiXa, which essentially monitors heparin levels, but it has become the gold standard because there are few interfering conditions with its accuracy (other than hemolysis). Because of consumption, antithrombin III (ATIII), which must bind heparin for its anticoagulant activity to work, often becomes depleted, at which point apparent heparin resistance develops. When this happens, an ATIII functional assay should be checked, and if <70% along with clinical heparin resistance, it should be repleted for a goal functional activity of 80% to 120%. Although many centers use plasma to replete ATIII, there is little ATIII for the volume administered. It is preferable to use one of the concentrated forms of ATIII-pooled human ATIII or recombinant human antithrombin. Other forms of mechanical circulatory support should be considered for patients with cardiogenic shock. Use of IABP for this purpose is waning as results indicate lack of hemodynamic and clinical benefit, 91, 92 and recommendations for its use are downgraded in treatment guidelines in United States and Europe. LA femoral artery bypass is one alternative option but requires a trans-septal puncture. 93, 94 However, because of ease of implantation and use, and range of flows offered across the spectrum of available devices, percutaneous transaortic microaxial flow pump is currently the main alternative option. In many institutions, these are first-line therapy, especially when blood oxygenation is not a factor. Even then, their support can markedly and rapidly improve oxygenation by reducing PCWP and decongesting the lung; in such cases, ECMO can be avoided.
SUMMARY AND CONCLUSIONS
Peripheral VA-ECMO is a potential option for refractory cardiogenic shock and cardiac arrest because it quickly improves hemodynamics and can be initiated rapidly. However, VA-ECMO is associated with several complications and high mortality rates. Carefully thinking through the main cardinal considerations (Figure 2) we have discussed in this article will allow one to make the best strategic choices, including appropriate patient selection, cannulation strategies, venting strategies for LV distension, and distal extremity perfusion. The purpose of this document was to give the reader a jumping off point from which to carefully strategize around these important considerations at the time of decision and cannulation instead of requiring reactionary decision making further into the patient's clinical course (Figure 2 ).
For example, one of the most significant major limitations of VA-ECMO is LV distention and pulmonary edema, which lead to a plethora of other adverse events, including aortic root thrombosis. There are a variety of LV decompression strategies that can be used after initiation of emergent peripheral VA-ECMO. However, the optimal method and timing for LV decompression are not well established. Recent reports describe techniques that directly decompress the LV, provide antegrade flow support, and allow for patient mobility. With availability of these strategies, we enter a new era of combined VA-ECMO and mechanical circulatory support and provide new options for patients with refractory cardiogenic shock and cardiac arrest. As adoption of VA-ECMO increases and the number of clinical sites able to deliver this therapy grows, we should not lose sight of the attendant profound hemodynamic effects. With more careful patient selection, greater experience in its implementation, and innovative therapies for LV decompression, we can expect significant improvements in outcomes for cardiogenic shock and cardiac arrest.
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